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F.EES....CH lEKoRANDUH 

AN INVESTIGATION OF THE LOW-SFEEZ» STABILITY AND CONTROL 

CHARACTERISTICS OF SWEFT-FORWARD AND S'JEPT-BACK VINOS 

IN THE At3B kO~ BY SC-FOOT WliJD TUNNEL 

By Gerald V. KoConack <md Victor I. Stevens, Jr. 

amaxx 

An InvestlR-itlon Las been made at lni\je acalo of the chnr- 

Aoterlbtloe of highly aweet wings.    Data were obtained at several 

angles of aldeellp on wlnga having anglea of aweep of ±45°, *30°i 

and 0°.    The airfoil sectlona of the wlnga varied from approxi- 

mately KiCA 0015 r.t the root to NACA 2J009 at the tip.    Each 

wing waP lnveetlgated with flaps undefleoted, partlal-apan split 

fl«p« deflected 63°, full-spun ?pllt flr-Ps deflected 6n.°<md 

aol.lt-flp.p-type nller^nu    jflected * 15°.    Values rif n-ixl^um 

lift vierr -ibt.tined at Sej-noldfl nui'r>era rnrglng fron 5.7 to 

iJ.Sxn".    In t!:la report the sunmnrlzfld results nre cnnpnred 

with the oradiotl^r.a -w.de by use of the sirollfled theory for 

the effeot of pweo v.i "ith existing anvil-sole data.     The 

baslo '•rind-tu-'-el results friTi which these suunnnry dita were 

t-Oten ore lnplufled In in apten'Tix. 

The primary problems nooompanying the use of sweep aa re- 

vealed by this investigation are the loss In naxitr.um lift, the 

high effective dihedral, and the sharp reduction In lateral- 

control effectiveness.    In general,  simple theory enables good 

predictions to be made of the gross effects of sweep but further 
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2A NACA. BH Ho.  L.6D.5 

refinements »re necessary to obtain the accuracy required for 

design purposes.    In oases Where comparisons can be made, the 

indications are that, as ..weep increases, scale effects dimin- 

ish and large-aoale results approach small-scale results. 

liiTRODUCTlQH 

Theory indicates and cxor.rlmo.it h&a shewn th t the prime 

aeroC.yAPii.le effect of "ir.a avecp Is to reduce ty the cosine 

of the critic of 8"ee? -he effective flight velocity exper- 

ienced by the p.lvuoll scotlor.D of the Wing«    This trca enables 

Increases in Baxlnun flight a^eed to ju attained before 

3erlo-js ooaprsssibllity effcota arc sooountsred«    Theory and 

exparlaont aleo shov thr.t wing aveeo introduces a number of 

ata.tlU.ty Hiifl. control problems ^ tue aei'louancse of which 

tocouiB eeeer.tuatcd at lovr flight epece.e. 

3nall-?.er.lc tcat3 rave polnte:. out the pencrel nature of 

theee problems and Indicated thone which auBt t» overcome If 

the hlefc-soecd bcr.^flt- of s'-'ceo arc to be rtPllsed.    They 

hftV« aleo suggested thrt boundary-layer flow pnd, hence, 

Reynolds number UPP a orofounft Ir.l'lucnce on Eeasurcd charac- 

teristics and that Vsc value of sriF.ll-pcele teetn remain 

Bor.evVpt doubtful until the extent of this Influence 1B under- 

stood. 

3lr.ee noi-r :t-sceie dPtft ••irre avi-.llable for vln26 with 

lprge angles of svee.?,  en inYistigaulor. of the offecte of 

sweep '•'es conducted In the Ac.cs 4C- by SO-foot wind tunnel 

and the resulta tec resorted herein.    It Is believed that 
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those data will po far towards establishing- the drtum required 

*,.        to cstiartc the effects of scale   on highly srept wing plan 

forus.    Vith this '.aioviedge at hand it 13 evident thpt the 

value of future saell-noale tests «d.11 be considerably 

Increased. .   . 

?hl3 reoort discusses a s'unrary of the bnslo results and 

eonpprcs them T'lth simple swept-vln^- theories p.r.d, v-hers 

possible with existing' arjell-scric dc.ta  (references 1,  2, and 

3).    To aahe the 'oisle de.ta «vr.llc.blc for furtlirr analyses 

they arc Included t.n an appendix to this report. 

DE3:R:?T:O:: OP ::ODELS 

The five .models tested were composed of wing panels froa 

an available alrplABC whlol; were /.iven the desired plan foria 

and sveep by individually fabricated tips end center sections« 

Che rerultlr.jj angles of sweep Wears 0"1,  30°, and 1^5° 3Wecpfor- 

vard, fnd ?C°, and H50 eweepbac:; (acf.sured vith reference to 

the quarter-chord line of the '•.irfoli sections).    Aside from 

the anple of e^ecp, the pr.'ne ilur.-f ore variable was considered 

to be arscot ratio.    The tips wad cevter sections vcrc construc- 

ted to glvo the  SCPlicet variation of this tjpraaetcr ooaslblc 

without nocllf lent Ion of the "irpirno vlng o»-ncls.    Ko spcoir.1 

attempt W3 EPdc to oontrol the variation of taper ritio, area 

or span.    Pliotogrrphs of the wings and plp.n-form drawings 

with oertlncnt dimensions pre shown in figures 1 rnd 2.    The 

,Tep*"etrle c'l-raoteristioB of the five '-1:178 tested are listed 

la tab?.e I. 
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The airfoil sections of the swept wings were dictated by 

the sections of the airplane wing panels (an HACA 0015 *t the 

Inboard end and an NACA 23009 at the outboard end of the panel). 

The profiles of the oenter sections and tips were simply exten- 

sions of the vlng-panel airfoil.    To expedite construction, 

three tips only were fabricated: one for the swept-forwnrd wings, 

one for the straight wing, and. one for the awept-baok wings. 

Thus for the swept-forward and swapt-baofc. wings compromise tips 

were used which were misalined 7i° to the air stream.    The twist 

In the chord plane of the wing panels was approximately lA° of 

washout.    The dihedral of the chord-plane leading edge was kept 

At 0°. 
No attempt was made to Improve the fairness of the wing 

Panels beyond the original manufacturing condition.    Thus, due 

to presence of various p.ceess plates, panel Joints, etc.,  the 

wliwrs were rough to a greater degree than that normally 

associated with latest construction requirements. 

Partlr.l-span and full-span split flaps were tested on all 

models.    The flaps uere 0."3 chord and were deflected 60°.      The 

span of the partial-span flaps was 0.633 wing span for all mod- 

els;  the span of the fuil-SDan flaps varied slightly from full- 

span (In no case more than r).o(M- wing span) as shown In table I. 

Ailerons uere simulated by attnohlng the outboard portion 

of one of the flaps to the right wing and deflecting it    ±15° 

(up-defleotion was obtained by attaching the flap to the upper 
surface of the wing).    Thus the ailerons as tested were 
^Except where noted, all chords and spans used in this report 

were measured parallel and perpendicular to the plane of 
symmetry.    Flap deflection >\ngles viere measured in a plane 
perpendicular to the flap hinge line. 

1 
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0.20-0hörd split-flao-type ailerons. 

The wlngn were nountel on a faired sting vhleh In turn 

WM attpched to the three-strut supoort system.    Photographs 

of the »'Ins Installations are shown In figure 1. 

C0ZFFICIEST3 AVD 5K5BOL3 

The data are presented In the form of standard KACA coef- 

ficient.* and symbols as defined In figure 3 an^ t'.ie following 

tabulation.    Ail forces ar.d pBnaatt ere presented about the 

stability axes with their orlglr. locrted on the root chord, 

or root chord projected and at the s.-ce fore and aft location 

as the quarter i:.».C. 

CL lift coefficient  (lli-t/q3) 

Cj) drag coefficient  (OrAf/qS) 

CU pltchlng-moaent coefficient (P»"4»g SSSSäL) 

C; rolllng-aojsent coefficient    (l*MMOWMB&j 

Cn yawing MMM  coefficient      (^y^-) 

^niRX 

side-force coefficient ( ̂ aldj force 
) N.        "Ö3~ 

rrte of chp.r.pe of lift coefficient with angle of 

attack,  per degree 

increment of lift ooefiolent due to deflecting 

flaps 

taaxlnun lift coefficient 

rate of change of rolllng-noaent coefficient with 

sideslip, per degree 

rate of chpr.ge of 1 lninf iDHlflil coefficient with 

vlng-tlB helix angle,  ">er redien 
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s 

dCi,f/dCL 

4Clf/iCL 

dcnp/dcL
a 

KACA RM NO. A6K15 

rate of change of yaving-mojaent coefficient with 
sideslip,  per decree 

rate of change of rolling-moner.t coefficient with 
aileron angle,  per degree 

rate of change of    0;      Witt lift coefficient where 

lift 1« increased by changing angle of attack 

rate of ohange of    Cj      i-'lth lift coefficient where 

lift is increased by deflecting flaps 

rate of change of    Cn      with the lift coefficient 

1 

7 

a 

9 
A 

6 

A 

A> 

E 

X 

S 

squared, 

ratio of lift to drag 

dynanlc pressuri:, pounda per square foot 

velocity along flight path, feet per second 

an«:le of attack, degrees 

angle of eldeellp, degrees 

angle of eweep of quarter chord line of airfoil 

sections, degree« (3weepbar,k la positive »nd 

svreepforward is negative.) 

effective dihedral, degrees 

control surface deflection, decrees 

aspeot ratio based on span 1 ~1 

aspect rfctlo based on length of quarter chord 

line (   fc° , ) 

Jones1 edfe-velooity correction 

taper ratio, ratio of tip ohord to root chord (~\ 
wing area, squars feet 
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fflean aerodynamic chord if wing measured parallel 

to plant) of symmetry,   feet 

vine span measured peroendleulpr to the plane of 

syccetry,  feet 

vlng-tlp chord 

wlnjv-root chord 

TESTS AND R23ULT3 

For each of the model conf lgure-tions six-component foroe 

end moment datr were of;:>.lr.ed »hnvr an engle-of-attaol: range 

at each of several angleo. of sideslip. The drta were obtained 

at dynamio pressures which rar^e fron 5 to 75 pounds per 

square foot (R * 2.8 x 10* to R - 15.0 x 108)'j moat of the 

data wem obtainod at dynamic prossuroa of ID to 20 pounds per 

equpre foot {R • 1*.0 x 10" and R = 5,J  x 10s, respectively). 

The basic data obtained fron Vue wind-tunnel tcBts of the 

five swept wince arc described la the appendix. Also included 

In the apncndlx Is P description of the corrections end tares 

aoolled to the data. 

Dr3ci;33:oiT 

In this dlecusBlon an evaluation Is made of the effoot of 

wing sweep on the more important aorodynamia parameters and of 

the consequent effect on airplane performance and stability. 

"These ReynoldE numbers are based upon the K.A.C. at a refer- 
enoc length and are the minimum end maximum limits of the 
variation Including the change In chord length with sweep. 
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Also,  the accuracy «dth ifoloh the simplified sweeo theory may 

fee used to predict the characteristics of swept Mings is eval- 

uated by it oompiFlsnn with the experimental data.    Finally, 

an atteraot la made to oonpare n.t lenst qualitatively the values 

of the various characteristics as obtained at small-60ile 

(R < 1.5 x108) and full-scale Reynolds numbers.    The summary 

data on viileh this discussion is based have been extrnoted (for 

a test dyr.amio pressure of Po lb/eq ft) from the measured char- 

acteristics included in the appendix. 

The concepts advanced by Bets in refcrenoe U- foru the 

groundwork for tlic theory of the aerodynamic effects of 

incorporating sweep in r wi..r plan form.    These concepts are 

bnsci on the assumption th; t for an infinite-span wing only 

the velocity opponent normal to tho qunrtcr-ohord line 

influences the pressures over a wing; the spnnwlse component 

of velocity is neglected.    Thus,  if the velocity components 

are resolved pcrpendloulnr r.nd parallel to the quartor-ohord 

line of a wing, the effective dynamic pressure over the wing 

will decrcee in prooortion to the square of the cosine of 

the angle of sweep and the effootivs angle of nttr.ok will 

increase in proportion to the reciprocal of the cosine of 

the angle of e-'ccp.    Those changes in effective dynamic pres- 

sure &nd angle of attack brought about by wing sweep foru 

the basis for the existing simplified swoop theory. 

In interpreting the comparisons to '00 made between the 

simplified theory and experimental results, tho limitations 
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of the amplified theory must be borne In mind.    Over the 

root aeotlon of highly awept finite-span wings, particu- 

larly highly tapered low aspect ratio wings,  the basic aeeuap- 

tlon that the vlng reacts only to r.ir velocities normal to the 

guorter-ohsrd line probably doos not hold.    It should also bo 

noted tfeat elapllflcd theory In Its present fona applies only 

to vlngs which generate an adUtlor.nl loading due to anglo-of- 

attack change that is rectangular in form.    Therefore ftpyre- 

cicible deviations fron .•ect*ngul',.r loading suoh as produood 

by troer rill result in disorcpr.'.ioles between the theoretical 

«id experimental rrsultj. 

Lift Charr.otari sties 

Lift-curve slope.- The simplified theory indicates a 

deerer.se In lift-curve slope proportional only to   cosA.    To 

account for Induction effects,  a correction must also be made 

for any variations of aspect ratio,   Hcnoe, the effect of 

sweep on lift-curve slope, when corrected for aspect ratio, 

will be in accordance Kith the relation: 

f       . f      v [A/(A+2)]A 

In conformity vlth standard nomenclature, aspect ritio is 

br.eed on the epr.n of the wings; however, there is some conten- 

tion thf't since only air flow por^ondioular to the quart<9>ohord 
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line la considered to afreet the aerodynamic characteristics, 

aspect ratio should be based on the length of the quarter-" 

chord line. Such ar. assumption is usad in the analysis 

included in reference 1. In figure t-, the experlnental 

results (taken frou t:.c  linear portion of the lift curve) are 

shown together with the predictions baaed on theory for both 

concepts of aspect ratio*. For awept-bcok wings, basing the 

aspect ratio on the length of the quarter-chord line gives 

the better agreement; vrereas for swept-forvard winga, basing 

the aspect ratio on the conventional span gives the better 

agreement. 

It is believed that neither of these aspect ratio 

concepts gives a correct picture of the induction effects of 

the vortex pattern on svept wings. It can be shown that if a 

wing is swspt bad:, the induction Influences of the trailing 

vortices on the wing should be reduced, and conversely, if a 

wing is swept forward, the induction influences on the wing 

should be Increased. That is, the effective aspect ratio 

increases with sweepbacfc and decreases with eveepforward for 

wings of constant geometric aspeot ratio (bs/S). 

The lift-curve slopes for f.ie fringe of this report have 

been estimated using the method of Falser (reference 5) whloh 

'It is recognized that a further aspect ratio correction, 
naaely, Jones' edge-velonlfy correction should be used. 
The effect is snail, however, eoupored to the errors 
resulting froa the use of simplo sweep theory. It has 
been omitted, therefore,, In an effort to lndioate dearly 
the adequacy of simple sweep theory In indicating the 
llft-eurve slope of highly swept wings. 
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takes Into consideration the induction effeets of the swept 

vortex systez in a aore precise nanr.er. In applying this 

cethoft the section lift-curve slope for these wings 

[or = 0.1C3 ) *M u^-ed rnther than the theoretical value 
5    *        o ' 
(or    = eri^j uced lr. reference 5-    "^-e results pre shown In 

figure '*.    The predicted values of    CT      and their variation 

with 6wee? closely miTTTrlMlit the eyperlcental i-eaultB. 

This Indicates that, vhen induction effects are properly 

accounted for, cccurftte predictions of lift-curve slope can 

te cirde.    It can be inferred then tiiat the failure of slnple 

theory to accurately Indicate the effect of 3wcen on 

lift-curve slope  ia - result of lnwopcr induction effects. 

Taper appears to have a strong effect on lift-curve slope 

6ue to its lnhtrent influence on Induction effects.    As 

prevJousl;' mentioned,  the simplified theory strictly applies 

only to rectangular loading and hence the taper of the vines 

of the o'lbjeot investieret! on aay account for nore of the 

discrepancy betreen theoretical and experimental result3.    In 

an atteaot to correlate the effect of tsoer on the lift-curve 

elope of swept vines', d^.ta fron previous investigations of 

sweot wings having different tupej." ratios  (references 1,  2, 

?, S, and 7) ar^ show, in figure 5«    P*w »oet of the investi- 

gations the wing aspect ratio (defined as ba/3) and taper 

ratio did not very with sweep.    For those eases where aapect 

ratio (ba/S) varied wlta sweep,  the data were corrected to 

the aspect ratio (bB/3) for the unawept wing. 
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Examination of the data in figure 5 will reveal that, 

as taper retlo Is decreased, the maximum value if llft-ourve 

elope occurs at greater anples of swee^bac1/.. The relation 

between taper rat IT and thr. an?le of sweep at wl-.lch the maxi- 

mum value of lift-curve slope occurs Is shown In figure 6. 

The figure discloses that In order ST ottc.ln maximum lift- 

curve slope the taper ratio should bo reduced fro£ 1.0 as the 

wing Is swept back and, by Inference, Increased frou 1.0 aa 

the wing Is swept forward. 

A comparison of figures 4- and 5 shows that values of 

llft-ourve slope determined froa l^-^.-sorle tests show no 

"oetter or poorer agreecent with slaplj theory than values 

from Biaall-ncale tests. It appears ttor.t the principal dise- 

greeoent betveen theory and experiment lies In failure of the 

theory to properly account for the Induction effects on svept 

wings and thet In comparison the effeotl of scale ere rela- 

tively snail. 

Exemlnptlon of the nonlinear portion of the lift curves 

and comparison with small-scale data shows that no connletent 

effects exist which could be attributed directly to soale 

effect. Those differences which do exist arc small and 

erratic in nature and probably result from differences in 

Dlan form, wing section, and local wing roughneeB. 

Flap effectiveness.- According to simple sweep theory, 

flap effectiveness deore&Bes as cos3A.   An additional 

correction to account for induction effects must be applied 
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when comparing flep effectiveness on »rings of different aspeot 

r*tio. The consents previously oe.Ce rogarding the effects of 

Induction on lift-curve slope aajly oqually well to flap 

effeetlvcnsue. In fact when <•_..>t Cj^', and A are nensurcd 

perpendicular to the quarter-chorci line, the effectlvcness 

parameter n'g le unaffected by sweep and the lift Increment 

produced by flap deflection la directly proportional to C,' 

or to C^, eosA.   HcnC' the theorotloal effeot of sweep on 

flap lift Increment may bo written either In terras of sweep 

and aspeot ratio: 

w* •«...—sa   .:.;:::• 
or In twos of sweep and lift-curve slopes: 

("Oi -  («OA - o 0OaA 7S^ 
where a Is tho angle of attp.ek of the root chord. 

In figure 7 the experimental results are shown together 

with predictions made In aooordanoe with both the forogolng 

relations4. It can now be seen that predictions of flap lift 

increment made in terns of aspeot ratio deviate froa experi- 

ment the sane as did the predictions of lift-curve slope. 

However.when prediction^ are mado in tcrcss of lift-curve 

•Note thrt in correcting for r.apoot ratio, the aspect ratio 
was based on the span. As In tho CPXC of Cr_, if aspect 
ratios were br.sod on the length of the quarter-chord line 
better agreement in flap lift inoreaent would have been 
obtained for swept-back wings and poorer agreement for 
•wept-forward wings. 

•fij-y 
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elopes, the agreement with experiment le almost exact. Thus 

the control whioh C^, has on flap effectiveness pmphpsizes 

the Importance of fully understanding the effect on CT  of 

the many factors involves; this is especially sWilfleant when 

flap effectiveness Is considered In terras of airplane control 

and performance. 

lir.ee the flap lift increment is dependent upon lift- 

curve slope, the conclusions concerning the effect of seile 

on lift-curve slope apply equally well to flap lift increment. 

In general, it can be said that sweep introduces no new ncf.le 

effect on flap lift increments aeasured r.t low angles of 

attack. 

ISPxlmun lift.- The effeot of sweco on maximum lift of 

the wing without flaps, with 0.523 span flaps 4sf:.tcted 60°, 

and with full-span split flAps doflcctcf. 60° Is shown in 

figure 6. Attention Is cnlled to the fi.ct that the wlnpa 

tested were composed largely of oroüuctlon winp; naneln with- 

normal roughness and Irregularities 3uch as caused by access 

plates. As a result of the roughness, maximum lifts measured 

on these wings may be somewhat lower than those measured on 

smooth wings. However, since the measured values on the 

unswept wing appear to be reasonably high for the particular 

airfoil cections, it is believed that the roughness was not - 

sufficient to seriously reduce the maximum lift measured. 

As shown in figure 2, sweep in wing plan form produces 

serious losses in maximum lift. However, for all but one of 
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the ving configurations the ceas-ored maximum lift was equal 

to or creator than simple theory would Indicate, that le, 

"iciax <?"ld n,t in Fenorpl decrease proportional to coesA. 

iVrthernore, the ;:«omcrlo angle of r.ttae't for C» 

(fig. 9) äote not decrer.se ec 

8*r*/(A+a)]A .    . 

which would be predicted by simple t;-.eory.    It it probable 

th*t  Epf.nwisc boundary* lsyer flov prevents et-sll fron 

trare"..!^? from tip to root on Sho swcpt-bpck vine pnd from 

root to tip on the ei'tpt-forwjird wing.    It le HIBO possible 

thnt this Intense b'ounfiary-layor. drain r11owe oertain seotlone 

of the winy to ref.oh «tnornr 11/ high rngles of at tacit prior 

to stall. 

On the unswept King the gain In MXlOUti lift coefficient 

due to flap deflection Is e^ual to chc flap lift lnorece.it at 

low angles of attack; vhercas on the srept i-ln-s the gains in 

caxlauc lift eoofficier* arc somewhAt less than the.flap lift 

increments realized at low envies of rttnoX. This is partic- 

ularly true for tie outboard portion of full-sp-r. flaps on ' 

the evept-bac't rings rnd the Inbor.rd flrps on the awept-firwr.rd 

wings.    (For srcepbpck angles ..?'catcr than ^0°,  full-opan 

flaps produce no greater    0j».__   than-do prrtial-epan flr.pa.) 

Such decreases In flpp effectiveness with CWFCO Pre AlMp- 

polntlng but not surprising,  slr.ee near stall the air flow 

Is separated on the outborrd section of swept-back wings and 

the Inboard section of swept-forward wings. 
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the measured lose in 
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due to sweep seriously limits 

airplane performance.    With either Dartial 01* full-sn.~n flaps, 

the loss In    ft due to ^5" of sweep would require increases 
in lar.dlr.g soeed of approxinately 30 percent. 

Seor.use of differences in taper ratio .-md airfoil sections 

of models used for snail- and large-scale tests to date, no 
quantitative cnnclusi-ms can be drawn regarding the effects of 
scale on    ft. at various angles of sweep.    In general, how- max 
ever,  it can be Inferred ttmt as the angle of 8 we an is Increased 
the effects of scale beoone smaller.    For instance a comparison 

of figure 8 of this report with figure 7 of reference Ö shows 
that an increase in    Or of 0.25 is obtained at 0° of sweep 
«•hen golr.ij front small- to large-scale tests.    In contrast,  in- 
creases of only O.lo and 0.08 in    Oj, are ßalned with J0° and 
45°  sweeobac*.     The increase in    Or           at 0° of Svieep is  in 

general accord vith vii".t Past experience has show: to be »'rea- 
sonable effect of scale;  vheroos the increases for the swept 
wings fall far short of what vould be anticipated from experi- 

ence on straight vin£S.    These data indioate that l.-\rge-saale 

tests show a much more rapid decrease of    Or with sweep than 
do model tests.    This seems true whether flaps    are deflected or 

not.    Since large-scale results tend to approach s.iall-se.nle 

results at large angles of sweep,  considerable care should be 

taken lr. trying to estimate large-scale airolar.e nerfornanoe 

from etrept-wing model test6.    Expectations of improving   Jr 

oomnensurate with that experienced at zero sweep are not lively 

to be fulfilled.     The importance of this problem would indicate 

a pressing need for swept-wing tests of a number of given models 
throughout the full Reynolds number rang*. 
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It should be noted that the above Inferences have been 

drawn from results of tests of winjs using conventional air« 

foil sections. It may well be that when sufficient data 

become available to »ake similar comparisons on wings using 

laminar-flow sections, the effects of roughness and Reynolds 
number nay be iz-arlcedly different. 

lA> ratio.- The variation of L/t) with lift coefficient 

la shown In figure 10 for each of tJ:e five wings with partial 

and with full-span flaps. That part of the drag attributed 

to Induced drag has been correoted to the aspect ratio" 

(b'/S) of the unswept wing, that Is, an aspect ratio 

of 4»62. The LA>  values for conditions where the drag coef- 
ficient was less than 0.1 are not shown because It Is 

believed possible Inaccuracies due to lack of precise drag 

tare values would Invalidate any conclusion drawn from such 

results. This excluded study of the uoet important flight 

speed range for plain wings and henoe the I/b values for 

plain wina» are not shown. It is believed, however, that 

the results shown for the wlnjs with flaps are sufficiently 

aoourate to allow useful conclusions to be drawn as to the 

effect of sweep on tyb ratios for that region of the raoat 
interest, oenterlns around gliding and landing. 

She results show that at lift coefficients near a 

maximum lift coefficient of O.G the h/D for the swept wings 

"The use of asneo* ««'•*- 

17 A 
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approximates that for the unewept wing. As stall is approached 

the L/0 ratits ot the ewept-back wings remain at least aa high 

as thoso for the unswept vlng; whereas the L/0 ratios of the 

swept-forward wings show s rapid decrease. , 

Longitudinal Characteristic» 
. i. 

The effects of sweep on the pltchlng-mouent characteristics 

of the plain wing, wing with partial-span flaps,and with full- 

span flaps are shown In figures 11 to 13,   The reaarks which 

follow are based, upon the data obtained, on the plain wing 

(fig. 11) tut in general apply also to the wines with partlal- 

or full-span flaps (figs. 12 and 13). 

For lift- coefficients lesr than 0.5, tho pltchlng-nosent 

coofflolents vary alaost linearly with lift coefficient end 

indicate that forward sweep moves the aorodynaolo center 

forward (W perocnt I-:.A.C. at »«fc50 sweep), while swoepback. 

moves the aerodynamic center rearward (5 percent 1I..A.C. at 

U50 sweep).   At higher lift ooefflelcnto the *5° swept wings,-   \ 

and to a lessor decree the -30° s*ru?t wing, exhibit an auror-» 

mal diving tendenoy.    3lnllar dlvl.ig tendencies of highly swept 

wlnge have been reported previously (refcrenoe 1).    Suoh 

irregularities In nomc-nt characteristics do not appear serious 

If considered only In tcrcs of tho'elevator power available 

with a conventional tall.    Howevor,  the effeot upon static 

stability and tho aLrupt variation of elevator position and Of 

stick force with speed nay prove objeotionablc to pilots.    In 
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the ease of a tailless design these irregularities would be 

nore serious. Far instance, If the 'l?0 swept-bnch Mag were 

considered a possible design with the 0.1-0-span ailerons used 

for longitudinal control (elevons) &nd with neutral stability 

at low lift coefficients, over JO1 up-elevon travel would be 

required to ualr.tain trim even if the eievon effectiveness ?.t 

Iv*  lift coefficients v-ere maintained. For the 451 sve.it- 

forward "inp a sisilar but less extreme condition existed» 

Smaller control angles would bf? required but the data indici.te 

p.i abruptness of control notion which, because of the low 

daaoinfr lr. pitch, night be serious in tailless designs. In 

considering the longitudinal stability it should be reaeaberef. 

that the effects of fuselage, tip shepe, elota, etc., have 

been disregarded. It may be, and unpublished data so indi- 

cate, thrt minor configuration cl-anres will remove the dir lag 

tendency and its associated problems. 

For lift coefficients juGt lass than Or  , the swept 

wlnPB tested, with the exception or ;he 300 swept-forward 

wln^, exhibited a strong climbing ^oticnt. T-ilr,  characteristic 

is obviously undesirable since it nahes Inadvertent Etall 

cuite lively. In reference ä a chart was presented whloh 

defined, on the basic of smali-scAle data, the boundr.rlos of 

aspect ratio and sweep angle which would five a wing cither a 

climbing or a diving tendency near stall. This chart is 

reproduced herein rs figure 1&. Also shown on this figure 

are the ir>ta. obtelned in this lr.veotisstion. 3ased upon these 

data, it appears that the chart as set forth in reference 6 
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applies as well to largs-soale «a to small-scale winga; further- 

more,  the chart applies to swept-forward as well as swept-bnok 

wings.    Insofar as  the over-all shape of the pltshlng-rnnnent 

curve is concerned l^rge-scale testa agree generally with small- 

scale results vith the exception of minor Siff erer.ces.    A,?nln It 

should be noted that these comparisons have been made from exam- 

ination of results of Investigations on wings using conventional 

sections.     The validity of the statements regarding these oon- 

porisons Is as yet unsubstantiated In cases where laminar-flow 

sections are Involved.. 

Lateral Characteristics 

Dihedral effect.- The variation with lift coefficient of 

the rolling moment due to sideslip Is shown In figure 15 for the 

plain wings and In figure 16 for the wings -jith flaps.    The pow- 

erful Influence of sweep on the dihedral effeot 1B Immediately 
apparent.     (A scale of effective dihedral for the uns'./ept wing' 
has been shown on the figures to illov convenient comparisons.) 

Within limits,   the dihedral effect due to sweep lnereaees_ln 

proportion to lift coefficient. 

Both the 30° and **5° plain swept-baoH wings reached a 

maximum value of    0lB    of -0.003^ (17° effective dihedral)  at 

lift coefficients of 1.15 ar.d 0.S5, respectively.    In the case 

of the event-forward wing the maximum value nf    (V     Increased 
P 

with angle of sweep, being 0.001*1 for the -30° S'-iept wing and 

0.0020 for the —M-5^" swept wing.    These -laxl-ain values for the 

Sweot-forward wings occurred in both oases near a lift coef- 

ficient of 0.9-    It should be noted that -hile the swent-baok 

wings show much greater dihedral effeot than do the sweot- 
forward wings,  this is due largely to the dihedral effeot of 
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the unewept wing. The incremental dihedral effect le roughly 

of the same order of magnitude for either direction of sweep. 

The maxifflUB dihedral effect of the win; with flaps 

deflected is considerably higher, about 32° for the ^5° 

swept-back wing with full-span flaps. Such extreae dihedral 

would make maintenance of a v/in£3-ievel Attitude In the landing 

approaoh Almost Impossible because of extreme sensitivity In 

roll to slight angles of sideslip. Even »'it!: adequate lateral 

control it Is felt that r. pilot would have difficulty (a 

reacting sufficiently fast to prevent reaching excesclve 

angles of bank. 

For the enso where lift Is changed by changing Angle of 

rttack (flap deflection constant), nimplc sweep theory glvos 

the following relation for the parameter M|g/69ti : 

sIt Is recognized that both of the terms or: the right side of 
this equation ohould ^e codified further by f. correction 
Involving aspect ratio and edge velocity. Simple theory 
shows that, where a.cyaraetrlcal lift exiets, the corrections 
would be the form A/(AZ+lt}. Again the question arises as 
to what the value of aspect ratio chould be. Obviously the 
choice Is more complex than simply deoidlng whether the 
span should be based on conventional span or quarter-chord- 
line length. In attempting to correlate the subject -V-.tr. 
as well as other swept-wing data both these a .pror.cr.cs were 
used. Slnoe neither proved consistently superior to the 
other or to simple theory, it was deolded to delete the 
correction entirely. It Is possible that additional study 
of existing datr. together with future test!-Will reveal a 
means of determining r.n effective aspect ratio which when 
used in this connection will more accurately predict -.aya- 
mctrlo loading conditions. It should bo noted, then, that 
throughout the sections of this report dealing with asym- 
metric loading conditions (sideslip or ailerons deflected) 
no corrections for aspect ratio changes have been applied 
to the predictions for the effect of sweep. -  
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This relation has been used to estlonto the valuer if 

MI./OCL   fir the five wings tested and the results are 
oocpered vlth experimental values in figure 17.   Reasonably 

good agreement is shown except in tho co.se of the U*p evoot- 

forward wing vhich had r> somewhat lower value of    60;«/Wj, 

thnn was predicted. 
For tho case where lift la ohrjigoi by changing flap 

deflection (angle of attack constant), the theoretical effect 

of sweep on    öCIB/öCL   1B twice that glvon by tho foregoing 

expression, tht.t IB, 

where bf/b la tho rr.tio of flo.p sprji to wing span.    The esti- 

mated -nd experiment?. 1 results for this ce.se ore e.lso shown In 

figure 17.    Tho r.greement bc'-vcen theory md experiment in this 

or.se is only fair,    Tho discrepancy is probr.bly due  in grer.t 

met<sure to fr.llurc of the theory to propcx-ly r.coount for tho 

sprnwiac center of load. Thoory Indicates rectangular lon.ding - 

thrt is, th".t the center of rddltlonal lof.d is applltA at mid- 

somlspr.n of wing or flip.    Movement of tho ocnter of lord 
lnborrd "s much as EO percent of the winp semlepf.n would bo 

required to mrkc the discrepancy between theory rnd experiment 

vanish. 
Thus,  relations obtained by ucr.ns of the simplified thoory 

r.ppenr to cstimrto tit least the gross effects of sweep on the 

p-.rwnotcr   ÖCx./oCj, .    A notrrblo exception is the ease of tho 
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^1-5° ewept-forward ving which exhibits • dihedral effect rauoh 

less than theory would indicate but »till greater than the 

JO1 awept-forward '-.'lnsi:. 

3inee the problcn of ActentfSalffig the value of    iCjß/4CL 

end the nrjclmun velue of    Cja    is .srobrbly the coat serious 
P 

one freed by the doalpner of at/ept-vln? rlrplwica, r. co:isiacr~ 

rfclo effort has been csr.de to cvrluite the effects of socle on 

Bvc?t-bnc;: wlnya fron the drta.    Eifortunrtel:', stiel: .in 

ev.lurtion could not be obtrlned.    Cr.ly the Rcner^llz-tlon oar, 

be arf.e Mart the effects of sc.lo er. -.er much lcs!' inoortant 

than the effects of vlntr pconetry.    Both large- rnä enall- 

scrle swcot-bnc'r-^lng teats ttom vary sinllar characteristics. 

That is,  the value of    OGJ./OCL   "approxlnstcs thrt I 

predicted by theory, rlth r. maxliaun vr.lue of    0^.    being 

reached orlor to the stall, and followed by e reduction In 

Ci,    r.a the stall is apjroao.'iod.   i'ote that these -Jid the 
r 

following considerations regarding ii.c effects of corle'apply 

to plain swept-br.c1'. i"lnc;s only. 

AB prcvlouBly noted, the vt.iuo of    ddj /dC^   indicated 

by staple theory la based upon the toeunption thf.t the aidl- 

tionr.l load is concentrated fie  ui-o ."lfl-sccispan.    Therefore 

carfced differences 1:: this prrar-ictcr rould be expected where 

nonrcetrnj-ular loading *•• known to cxlat.    In coaprrinj- 

e-xocrlnentr.l results with the theory euch was found to be the 

case.    Reference 1 showed that for the reetpnfrulrr swcot-baoJ: 

winga the laeasured value waa as OUOb as lit- percent core tJinn 
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the predicted vrluc« The tests reported herein gave exoeri- 

mcnttil rosulto leas (a a mv.oh as l^ pcrocr.t loss) than the 

predicted value. 3uch aiffcrcnees El-ht be anticipated eiaco 

theory shows that si-.'ccpbr.ck tends ti shift the loud center 

towards the tips, and tr.pcr ratios 1C3B then 1.0 tend to shift 

the load center towards the root. A coaplctc understanding of 

this action cannot be had until more thorough studies .ire made 

of the effects of sweep end tr.pcr on lor.d contir. A first 

approximation (probably an ovcrcorrection) of the e.r.srcr can 

bo reached, however, by slnply adjusting the load ecnt:r to 

correspond to the area center. If thia Is done, theory <'-ould 

fell within 10 oercent of the results show. In this report 

while, of eouree, the discrepancies of i-efrrenee 1 "ould be 

unchanged. 9uch s orooedure «.polled ti the recults of reference 

3 would slightly overcorreet for the effects of tr.pcr that are 

shovn. From this It cm be-concluded that the value of 

öCi./öCi. can be ajoroxlneted to vlJhln 1? percent by simple 

theory; that a closer approximation can be had - probably 

within 10 percent - if the ocntroid of It: &  is assumed to lie 

on the ctntrold of area. It is bollcvod that the effects of 

scale fall '••lthln this latter error ana probably arc of the 

saac general magnitude as the effects of section or tip ehe.pe. 

I!o data could be found to aid in a quantitative evaluation of 

these effects. 

With regard to the maximum values of G\-    likely to bo 

encountered with a highly swept winj;, it appcara impossible to 



KACA RM Wo. A6K15 25 .4 

I 
conclude mre then the feet thf.t a nexinun vr>lv.e e:;Ipt£ for 

evrry wing and that this naxinua value tend a to Jecreaae "1th 

taper ratio.    ?he data of thia report and rtffrtflM 1 ttsw 

very nearly the eaae aaxlnun vaZue   (pit     • °«c:i35 to OaOOJIj 

for both swept-back wlnffe.    .1eferer.ee J shows a very similar 

jsaxlBim for the untapereci wings Inrt shows the maxlr.nr: decreas- 

ing; with both tapes- and sweep fir other ringe    ifo relation 

aeeHG to exist between the lift coefficient at which the 

eaxiaua   Cj.    oocurs and the naxinur. lift coefficient of the 

winp.    3inoe, hovever, the value of   dC-r/JC:,,    in general* 

increases jsore rapidly with aveep than    0^-«,    decreases, the 

cftxicu3 value of    Cj      occura at .jrifreaslvely lo"er percent- 

ages of    Oijjgjj   aa sweep is increased.    For inetei:ce,  for a 

4?" swepttacl: Ming,    C. oecuru ftt 0.55    CT in refer- 
Pnax ^=«x 

ence ?, 0.61   Cj^^    In reference I, Md 0.70    GLr;pS    in the 

data of this report; w!iernaa    Cje for e "0° fwept-Dp.ek '-in~ 
taut 

occurs et 0.S0    Cr..,.,.,,  O.g?    CT       , and 0«91    CT fW t:.e "•B T^ax '•anx 
sane 4flta, recpectively.    3inee the phenomenon «blab cir.sea the 

valve of    Cj      to pears art not completely underptoid »t the 

present tlae, an accurate oredletior. of ita value ir ir:oos- 

aible.    rxaainatlon of »11 available drta leads, however, to 

the conclusion that If a maxiniua value of -O.CCJJo ie chooer. 

the choice can be considered conservative, but for the present, 

wind-tunnel testa nuet be rolled upon to give tho exact 

anefcer.    Certainly this problec la worthy of &d'Utional study. 

Until the governing factors are more clearly defined it reaalnr 
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iaoosslblc to rlcteralne to »hat extant    C*. le "ffcctecl bv 
Faax 

scale. 

In the os.se of swept-bac/. vlnss "it-: flaps deflcoted the 

naount of correlation possible betvoen large- and aopll-soslc 3flta 

Is extreaely Halted and the results tar lees ccenable to 

intcrpretftion.    For ...ost cases MMnlotd theory s-ave at lsaet 

• slightly conservative vr.lue of   duig/dvT,   where the ohAnga 

In lift coefficient was due either to c fiep deflection at 

constant angle of attack or a change of angle of ftttaoJc i-'itr. 

flaps deflected.    All the fcca,  lar^-e Mid u»U scale «bowed 

or indicated that s vr.lue of    Cr- cxlcted and that it 
Paox 

increased Kith eveep. Khlla no •yetenatio variation of CT, 
*naax 

vlth wing geoaetry could be ascertained, none of the dr*ti-. 

showed a value greater then -O.OOJ.    For :he pre cent, therefore, 

if wind-tunnel testa arc not available the best r.>:roaeh to 

predicting C». OharaoterlatioB of swept wing« with fins is 

to use aiaplc theory to predict dC'-/öCL end to consider 

-0,007 Ola n8 t-c naxiauc. 
P 

•To correlation vps att«Opted with the «wept-forward-wing 

data because of the scarcity or lov-eerle tests. 

Aileron gffectlveness.- The variation of aileron effective- 

ness with lift coefficient is shorn in figure lv.    The values • 

of plleron effectiveness ehovn in figure It were obtained as 

the    ACi    produced by -15° or 15° of aileron deflection and 

henco are    iC;/A8a    rother then a true    C\.  •    It Is innediatel; 

apparent that aileron effectiveness decreases with sweep, 
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decreasing U auch as ?C percent for 1+5° of sweep.    The effeo- 

tlveneae of the Ailerons on the MnfMnk flags decreased 

,% With lift coefficient,  rapidly at high lift coefficients. 

This Is due to i loss In effectiveness of the  apmrA doflootod 
aileron "hid: la In the wicc  of the sepr.re.teA flov and hcr.ee 

contrlbutoa little or nothing to the rolling noacnt.    The 

ailerons on the swept-for^ard Hingt shov a general increase 

In effectlvrr.csa vlth lift coefficient,  orotr.bly due  to a 

iP.vorp.ble effect of the spftOMiM bov.ndfry-layer drplr.. 

According to the simplified theory,  ns • wlnp la inapt, 

the aileron effeotlvcnesa will dceref.se,  as for any flap,  In 

proportion to the    cossA.    ?hct 1c, When con-cctlone for 

aspect j'r.tlo are LgJMMA the value of    Ct«      la jlvcn by tho 

following relation:   (3üC footnote 6, p. 21} 
• 

This relation line been used to predict tho vtriatlon  of 

aileron* effectiveness with svee;j for the five wings tested, 

and the reaulta urt aotapsred la figure li vlth the experi- 

aental data oroaa-plottef. fron figure IS for sero lift. 

TThe ailerons on the »'lngs of this investigation variofi "coth 
ln the rolttlve rcount of wins area effected md in the 
relative  opanvlsc  location of thr otntcr of pressure of 
tho are?, affected.    In comparing  theory and experiacnt, 
those variations were accounted for by correcting- the 
thcoretloal values of aileron effectiveness In rroo-i-rtion 
to tho ratio of the relative area and spanviac center of 
pressure of the sweot wing to the relative area and span- 
vlae oenter of pressure of the unavept-wing. 
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For either sweepforwerd or eveepbaok the experlnental values 

of aileron effectiveness are RB ouoh aa 20 percent lover than 

the theoretloal values. 

The foregoing results show that aileron effectiveness is 

reduced by wing sweep and that on ST-rept-beefc vings the aileron 

effectiveness is further reduced at hlrrh lift coefficients. 

Insofar »E rolling control at low lift ooeffioic.it is 

0WUMHM4« theory «hows that Z\     is reduced In proportion 
P 

to cosA; whereas C».  is reduced in proportion to coea.l 

and hence ob/2V will be reduced in proportion to cosA for 

a given size of aileron. In general, iliersfore, it appears 

that, to oalnte.in a given value of pb/2V, alieroa size sust 

be increased as wings are swept, As higher lift coefficients 

are reached the lateral-control orobleu becouee ..ai'tioulf.rl;' 

pronounced. IJotonly aust powerful le.teral control be provided 

to overcooe great dihedral effeots but She results reported 

herein show that available lateral control, at least for 

swept-baok wince, decreases scrlousl;- with lift coefficients. 

J"or exaople, ^ith the ^?° ewcpt-baeh wing equipped wit-: full- 

span flaps and flying near C^ , 13° if totfl aileron 

deflection would be require-", to hold the rings level for only 

l1 of sideslip. The need for developacut of adequate aileron 

oontrol or a means to reduoe aileron oontrol requirements is 

obvious. 

'» • 
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of instability vihich has been discussed. In reference S. The 

data obtained in the investigation reported herein substantiate 

previous tests oonduoted on BEall-ac&le models MM conse- 

quently indicate that aeens cust be found to bslar.ee C\.     ".?. 

°np' 

OQKCLIDIEO aczacs 

Lnrge-seale teste lr.dlerte thnt the primary arobleos to be 

overoone before successful use M be cade of high angles of 

WHP ere (1) high dihedral effects accompanied by poor Ir.toral 

control at high lift coefficients, (2) low maximum lift value 

together with low flap effectiveness, and (3) rapid shift in 

neutral point in the moderate to high r.ift-corfficient range 

ooupled with'a possibility of strong stalling moncnt at .r.axl- 

aun lift resulting fron poor plan-firm choice. 

In peneral, simple theory enables sood predictions to be 

made of the gross effects of e^eep on lrlng characteristics, 

but it is felt that the accuracy ^s inadequate for purposes 

of design. It appears that the majority of the inaccurpeleo 

result from an incomplete understandi;1.? of the effects of 

aspect ratio. 

Vhorc it has been found possible ti oonpare 7 -r :e-ac.ile 

data with snail-scale data a comparison has shown that »'here 

soslc effcots exist at low angles of sweep, scale effects 
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tena ti vanlr.i'. at hl«$i e.nalee it owec;-> v&fitlMV —ec: lc resulte 

approaolilng small-scale results. 

Ames Aeromutionl LBborRtiry, 
National AlvlBOr;* CoaaVttoc I">r Aerrmflutloa, 

HoffcU Pleia,  Calif. 

Oerslfi Bi HoCornao^, 
ltecV«nlcP.l Sncirxer. 

VietOT I. Sttvsne,  Jr. 
Aeronautical Enflaw*» 

Approved: 

/U*. John F. »re,on?' _ r  Aeronautical Engineer. 
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AJJEIDIX 

Description of Basic 'Jlnd-Tunnel lest Results 

For each ewept wing, six-conponent force datR were 

ottair.cfl at several angles of sideslip and several values of 

dynanlc pressure.  (See fig. 23 f°r variation of Peynolds 

nucber with dynamlo pressure.) At each angle of sideslip, 

several codel oonfijntratlona were tented including olain 

wing, wing with partial-span rplit flnpe, wing with full-span 

split flaps F-nd wing With apllt-flap-tj-pe aileron. The drta 

obtained pre presented in figurea Z&  to 91 in terms of the 

variation of the measured characteristics with lift coefficient. 

Table II form* an index of these figures presenting the basic 

data. 

All the data are referred to the stability axes whose 

origin is located at a point on the root chord or root chord 

projected and at the sr.ee fore and r.f t location as the quarter 

K.A.C. She test results are presented In the forr. of standard 

3ACA coefficients as defined in the section Coefficients and 

Synbols. 

All the basic wind-tunnel Arö« Turn been corrected for 

air strePH! Inclination end for vlncl-Uuv.ol-'-'nll effects. A 

brief anrlysis of the effect of sweep on tunnel-Wftll corrections 

indicated that the average correction either with or without 

sweep "as eoaroxlnately the sane for uhc tunnel vlog eonfigurr- 

tlons considered. Hence the ittUtAard corrections for unswept 

wings were applied. 
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Force testa mp.dc with the stliv; lUppWt rVwe ir. the 

tunnel ahoved that ItB tp.re should be nejrllelble except in 

the oaae of pltohlng moraent,  drag and yrvln?. noneut.    lieaeurod 

pltchlng-isoacnt tares e.va bellevod reliable cid were applied 

to all the data,    'Jhlle the &rr.g trres rre appreciable 

(approximately 0.02 in the oauc of the unswept wing where 

the area is B;JO.11 end dcnrcasiiii: tor the ewept i'inr:a where 

the r.rcR la largxr),  It is felt that they could not be 

determined ':1th sufficient accuracy to wrrrrnt ftpplloationt 

Hence no &rns teroi hc.vc been a-> >licd.    Since the ncreurod 

ypvir.c-Boiient ttiree  (fip. 92) wore rrae.n,  "hoy '-vi-c not 

applied to the bralc dsta.    However,  in PnP.lynls of the data 

it vrs found thr.t the tare a were relatively lfVge "hen 

eoupfrcd to the effects of swoop.    In order then to proicrly 

p.BGcas the effects of sweep,  it «si necessary to apply tares 

to the suir.cary dpta which le,  therefore,   ahowvi fully corrected 

in figures 20,   21, and 22. 
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(a)    The l£0 swept-fonmra wing. 

0>)    The unavept wing 
Pleure *- "®*sfe&^%£&r» *inBB —«* «• A-.. 
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NACA RM No. A6K15 Fig. 2a 
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Figure 2a,b.- Geometric characteristics of the swept wings. 
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Fig. 3 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

Figure 3.- Sign convention for the standard NAOA coefficients. 
All forces, moments, angles, and control surface 

deflections are shown as positive. 
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Fig. 46b NACA RM No. A6K15 
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